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Different research initiatives have investigated the dependency of thrust force on different parameters such as 
tool material, tool geometry and cutting parameters. The effect of tool material and tool geometry has been 
investigated by different researchers include drilling with HSS and tungsten carbide (K10 & K20) being used as 
tool materials. Different geometries like twist drill, candle stick drill, saw drill, 4-facet, 8-facet, Jo-drill and 
parabolic drills have been used. The results show that modified geometries like Jo drill and 8-facet produced 
lower thrust force as compared to conventional twist drill. There is a critical limit of thrust force below which no 
damage due to delamination occurs on the composite workpiece [11]. 
Accurate modelling of drilling in composite laminates is important to understand delamination. Major 
difficulty in modelling drilling of composites is that the dynamics of the process is not completely understood 
[12]. Researchers have used empirical methods, fuzzy logic, neural network etc to model the drilling of 
composites [12, 13, 14, 15, 16 & 17]. Thrust force can be modeled as a point load and distributed load using 
linear elastic fracture mechanics (LEFM) theory as a function of thickness or bending stiffness [11, 18]. Thrust 
force can be modelled based on theory of simple shear or fracture across a single plane considering orthogonal 
machining [19]. Thrust force produced during drilling of composites can be modelled using a neural network. 
For modelling thrust force, neural network takes input as command feed rate, previous command feed rate and 
previous thrust force. The network gives current thrust force as output [13, 14 & 15]. Fuzzy logic can be used to 
model the dynamics of drilling using ARMA based linear equations trained using gradient descent algorithm 
[12].  
The modelling of drilling process in composite laminates so far has been done mostly using neural network 
or fuzzy logic. There is little literature available wherein classical modelling techniques have been used to 
model feed with thrust force. Few such models of drilling conventional materials like hot rolled steel, stainless 
steel, cast iron, steel and aluminum are available. Present work models the drilling of composite laminates as 
first, second and third order underdamped system for thrust force to capture the drilling dynamics in a better 
way. Thrust force produced in response to a step feed input has been used to construct transfer function between 
thrust force & feed rate. Then third order model has been converted into state-space to constitute three first order 
state-space equations.  
2. Experimental set-up and experimentation 
Drilling experiments were conducted on a radial drilling machine (Table-1). Experimental set-up consists of 
drilling machine, holding fixture, piezoelectric drill dynamometer (make-Kistler®), charge amplifier, connecting 
cables, an analog to digital (A/D) converter and a computer for data acquisition. A four component drill 
dynamometer (Make: Kistler 9272) was used to record the thrust force signals. These signals were then 
amplified using a charge amplifier (Make: Kistler 5070). The amplified signal was passed through signal   
 
Figure 1: Experimental set-up. 
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conditioning equipment to a computer system using a data acquisition card. Dedicated data acquisition and 
evaluation software (Dyno-Ware®) was used to record and analyse thrust force signals. Composite laminate was 
held in a rigid fixture attached to dynamometer mounted on machine table. Dynamometer was rigidly mounted 
on machine table using square headed bolts fitted into T-slots. The experimental set-up along with dynamometer 
is shown in Figure 1. 
Table-1: Specifications of Radial Drilling Machine 
Make Batliboi Pvt. Ltd. Surat India 
Spindle Speed range 90-4500 RPM 
Feed Rate range 0.03-0.3 mm/revolution 
Main motor power/speed  1.5 kW/1420 rpm 
Elevating motor power/speed 0.75 kW/1420 rpm 
 
3. Extraction of transfer function from experimental time response 
 
Drilling of glass fibre reinforced plastic composites has been modelled as a single-input single-output 
(SISO) system. Dynamics representing the system in first order, second order, third order etc can be obtained 
based upon understanding about the order of the drilling process. Feed rate has been used as input to obtain 
thrust force generated during drilling. A step change in input is often used to capture the dynamics of system for 
simplicity and robustness [20].  In this work, glass fibre reinforced plastic laminates of 12 mm thickness were 
drilled through by giving a step feed input of 212.8 mm/min as shown in figure 2. First order, second order and 
third order dynamics of the system were obtained using system identification tool box of Matlab® in the form of 
transfer functions between thrust force & feed rate. 
 
4. State-Space conversion 
 
Corresponding to thrust force response shown in figure 2, third order transfer function between thrust force 
and feed rate is identified as: 
 
ܩሺݏሻ ൌ ܨሺݏሻݑሺݏሻ ൌ
ͳǤͳͺͺͶ
ͲǤͲͲͲͲͲͷʹͷͺͳݏଷ ൅ ͲǤͲͲͲͲͳͷͷ͸ͷݏଶ ൅ ͲǤͶͳ͹ʹݏ ൅ ͳ 
 
 
Figure 2: Experimental thrust force signal at feed rate of 212.8 mm/min. 
 
Where, F & u are thrust force and feed rate in s-domain respectively. The transfer function can be expressed as 
third order differential equation of the following form: 
 
ͲǤͲͲͲͲͲͷʹͷͺͳܨሸ ൅ ͲǤͲͲͲͲͳͷͷ͸ͷܨሷ ൅ ͲǤͶͳ͹ʹܨሶ ൅ ܨ ൌ ͳǤͳͺͺͶݑ 
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Let ݔଵ ൌ ܨሶ  and ݔଶ ൌ ݔଵሶ ൌ ܨሷ  
 
ݔଷ ൌ ݔଶሶ ൌ ݔଵሷ ൌ ܨሸ ൌ ʹʹ͸ͲͳͲݑ െ ʹǤͻ͸Ͳͳܨሷ െ ͹ͻ͵ͷͳܨሶ െ ͳͻͲͳͺͲܨ 
 
 
Figure 3: Experimental and simulated model output of thrust force at 212.8 mm/min feed rate. 
 
Third order system can be converted into simple first order differential equations in state space as:  
 
ሶܺ ሺݐሻ ൌ ܣܺሺݐሻ ൅ ܤݑሺݐሻ 
 
Where A is (nൈn) system state matrix, X is (nൈ1) state variable vector, B is (nൈr) input (actuator location) 
control matrix and u is (rൈ1) input vector. The output equation becomes: 
 
ܻሺݐሻ ൌ ܥܺሺݐሻ ൅ ܦݑሺݐሻ 
 
Where Y is (mൈ1) output vector, C is (mൈn) output (sensor location) matrix and D is (mൈr) transmission matrix 
(for power amplification though used very rarely in controls). Thrust force and feed rate model are formulated 
as:  
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Equation (6) is solved to plot response of thrust force at 212.8 mm/min feed rate and is compared with 
corresponding experimental response (figure 3). As shown in figure 3 satisfactory match is observed between 
experimental response and response obtained from equation (6). 
5. Validation of mathematical model with experiments 
The mathematical model is validated by conducting the experiments at different feed rates and comparing 
the simulated response with experimental thrust force output. The model that was used to capture the drilling  
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Figure 4: Experimental and simulated model output of thrust force at 108 mm/min feed rate. 
 
 
dynamics during drilling of composite material by giving a step feed input at 212.8 mm/min is validated by 
comparing model response with that of experimental. The model is tested in feed rate range varying between 
108-270 mm/min. Figures 4, 5 and 6 show experimental response of thrust force at a given feed rate and the 
corresponding model response of thrust force at the same feed rate. 
 
 
 
Figure 5: Experimental and simulated model output of thrust force at 171 mm/min feed rate. 
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Figure 6: Experimental and simulated model output of thrust force at 270 mm/min feed rate. 
6. Conclusions 
Transfer function can be established by doing experiments using step input. Third order model 
representing the drilling of Glass Fibre Reinforced Plastics captures the dynamics in a better way as compared to 
lower order models. The experimental response contains wide spectrum of frequencies. To captures this 
response precisely very complicated higher order model would be required. As far as visualisation of thrust 
force-feed rate behaviour and control of thrust force is concerned, a third order model is sufficient. State-space 
representation of third order system in the form of three first order differential equations makes it simple, 
effective and convenient from solution and simulation point of view. Third order system model of drilling of 
polymer matrix composites between thrust force and feed rate tested at various feed rates gives good match 
between experimental and simulated thrust force response. The model captures the dynamics during drilling of 
composites effectively as seen from corresponding experimental response during validation. This model is of 
immense usage in understanding the response of thrust force to feed rate during drilling and in controlling thrust 
force by manipulating feed rate. This way automated drilling of composite materials to prevent damage due to 
delamination can be effectively implemented.  
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